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I. INTRODUCTION 


Identifying a target by its back scattering signal is 
desirable if different actions are to be taken towards 
different targets. At atime when warfare і5 по longer 
conducted face to face, but missiles have the ability to 
destroy thier targets long before they come within visual 
range, it has become necessary to identify targets by some 
means other than vision. The identification is needed 
because of the fact that current operational policy requires 
a positive identification of a target before destroying it. 
This in a sense completly negates the prime capability of 
sophisticated weapon-systems. For example, the HARPOON 
missile whose range is far beyond the horizon prevents a 
visual identification of the target from the fireing plat- 
form. A fact that limits the use of it to only specific 


situations under sever restrictions. 


At present, most identifications are done with radars 
with which the presence of a target can be detected. Іп 
addition to the fact that the presence of a target can be 
discovered, information about its position, speed and accel- 
eration may be obtained. An experienced radar operator can 
sometimes distinguish a big target from a small target by 
its spot-size on the radar screen, but this is not enough to 


identify the target. 


To enhance our capability of identifying a target, it is 
advantageous to look at resonances exited by electromagnetic 
fields of different frequencies incident on the target. The 
reasons for looking at this particular range of frequencies 
are the following:First, at resonance the scattered fields 


are stronger compared to поп-гезопапсе situations. The 


back-scattering cross-sections are larger and the target can 
be detected more easily. Second,the resonance frequencies 
and the amplitudes and phase shifts of the scattered fields 
at these frequencies are determined by the geometry of the 
target. Since the number of targets of our interest are 
finite, the identity of a target is revealed by examing a 


small data base. 


This thesis is part of an ongoing project of target- 
identification through the investigation of the wide-band 
cross-section of a target. A finite tubular cylinder which 
has a circular cross section and a very thin conducting wall 
serves as the canonical target. The finite tubular cylinder 
is chosen because of its resemblance to a missile body and 
because theoretical formulations are available for its 


surface current distribution and scattered fields. 


The tubular cylinder was placéd in an anechoic chamber 
and was irradiated with an incident electromagnetic wave. 
While irradiated by the incident electromagnetic wave, 
surface currents were excited and generated scattered-field. 
The surface current had an axial and a circumferential 
component. The circumferential current circled around the 
cylinder while the axial current traveled along the cylinder 
and was reflected at the ends. At the same time, the inci- 
dent wave kept impinging on the cylinder and excited new 
surface currents which added to the existing ones. At a 
certain frequency, the newly excited axial current might add 
constructively to the current reflected from опе епа, 
resulted in a large axial current, which gave a strong scat- 
tered field. Or the newly excited circumferential current 
might add constructively to the current which had made a 
complete circle around the cylinder, and a strong scattered 


field could be observed. 
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This thesis studied the "head-on" back scattering of the 
cylinder.At this aspect angle, the back scattered fields 
depended only on the first Fourier component of the circum- 
ferential variation of the ф -current. Measurements of 
several scaled tubular cylinders were taken and the experi- 
mental results were compared to theoretical data available. 

For the next step of this project, more complicated 
models evolving from a tubular cylinder to a missile will be 
constructed and studied. Fins will be added, one end of the 
cylinder will be closed and rounded to perturb the model 
further and finally wings will be added to make a true 
missile model. By comparing the scattering data of the 
models to those of the tubular cylinders, the effects of the 
successive perturbations to the physical structure on the 
back-scattering cross-section and phase shift will be inves- 


tigated. 


Chapter II deals in its first part with electromagnetic 


back scattering theory in general, the definition of radar 
cross section , the polarization matrix and methods to 
obtain it. Its second part contains the solution to the 


electromagnetic back-scattering of a tubular cylinder with 
finite length. Chapter III describes some CW step frequency 
cross section measurements which are carried out, including 
the experimental setup, the measurement procedures and the 
measured results. Chapter IV deals with data analysis, 
compares the experimental results to theoretical data and 
Presents some conclusions and recommendations for the 


future. 
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II. ELECTROMAGNETIC SCATTERING THEORY 


A typical problem in electromagnetic scattering consists 
of these main elements. 
l.Transmitting system: RF source and antennas. 
2.An object of arbitrary shape and size as a target. 
3.Receiving system: Antenna and receiving equipment to 
determine the amplitude, phase and polarization of 
fields at any point in space. 


>i با‎ 
The transmitting system causes incident fields E H ` 


imping upon the target. The current in the source induces 

time-varying distributions of oscillating charges and 

currents in the scatterer. These currents cause scattered, 
. . a e 5 ات‎ 

or reradiated fields EN The total fields ENIM are the 


vector sum of the incident and scattered fields. 

In order to simplify the theoretical problem, it is 
usually assumed that the source is not coupled to the 
target. This fact enables one to obtain the scattered field 
by subtracting the incident fields from the total fields. 

A configuration of the scattering problem is shown in 
Figure 2.1 

This chapter deals with the analytical background,the 
definition of radar cross-section, the polarization scat- 
tering matrix, and finally the specific problem of the scat- 


tering by a finite tubular cylinder. 
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A. ANALYTICAL BACKGROUND 
1. Definition of Radar Cross-section 


The radar cross-section of a target is a quantita- 
tive measure of the ratio of power density in the vector 
signal scattered in the direction of the receiver to the 
power density of the radar wave incident upon the target. 
The vectorial nature of the electromagnetic interaction 
requires specifications of the polarization of the incident 
wave with reference to target orientation in three dimen- 
Sions. Radar operating frequency is an additional parameter 


which must be specified. 


Thus, a single number specification for the radar 
cross section holds for a particular target, a specific 
polarization and the frequency of the incident wave, the 


aspect angle of the target relative to the incident wave, 
‘and the polarization of the receiving antenna. 

The radar cross-section is defined to be independent 
of range to the target. This definition holds under far 
field assumption. Which means that the target 15 suffi- 
ciently far from the transmitting antenna to justify the 
assumption that the incident wave is planar at the target 
and the scattered wave is also planar in the neighborhood of 
the receiving antenna. 

The theoretical definition of the radar cross- 
Section relates incident to Scattered electromagnetic 
fields, as given in equation 2.1 


2 гаса” 
c s ürR^lim | = 
Ro 0 


(едп 2.1) 


where: 
Ес: magnitude of electric field component of incident 


electromagnetic field at the target. 
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E = magnitude of electric field component of scattered 
electromagnetic field as measured by a hypothetical 
observer. 


R = distance from target to the hypothetical observer. 


The radar cross-section o has the dimensions of 
area ۶ ۰ 
The limiting process is introduced in equation 1 
to assure that the distance at which the hypothetical obser- 
vation is made, is far enough from the target. Under the 
free-space conditions assumed, the quantity |E,/E,| is 
proportional to the power flux density of the scattered 


waves. 
2. Polarization Scattering Matrix 


The radar cross-section of a target depends upon the 
target shape and material, the angle (or angles, in a case 
of bistatic system) at which the target is viewed, radar 
frequency, and the polarization of the radar-transmitting 
and receiving antennas. 

In particular, if a target is viewed at a specific 
aspect angle with a single frequency, the radar cross 
section depends upon polarization [Ref. 1]. 

The polarization scattering matrix is introduced in 
order to express target reradiation independent of radar 
polarization [Ref. 2]. 

Scattering is expressed as an explicit function of 
radar polarization,when matrices describing the polarization 
properties of antennas and target are defined. 

The transmitting and receiving antennas сап be 
represented by the matrices: 

я cosh, 
я = ча (ean 2.2) 
зіпф е? E 
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352] 


p= [cos¢ , зіпф е (eqn 2.3) 


where: 
q = column matrix defining the polarization of the 


transmitting antenna. 


~ 

p = row matrix defining the polarization of the 
receiving antenna. 

$ = an angle which when 45=0, denotes the orientation 


of the linear polarization of the antenna when used 
for transmitting , refered to the horizontal plane. 
ô = phase angle. 
t = denotes transmitting antenna. 
r = denotes receiving antenna. 
The configuration of the cylinder for the measure- 
ment in this thesis and the antenna polarization angle are 


shown in Figure 2.2 


ф=0 Horizontal 


ф-т/2 Vertical 





Figure 2.2 The Antenna Polarization Angle 
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The radar cross-section of a target observed by a 
transmitting antenna with polarization q and a receiving 


antenna with polarization p is given by equation 2.4 
і a Ал 2 
с з |р54| (eqn 2.4) 


where S denotes the complex scattering matrix used to repre- 
sent the polarization properties of the target. Assuming a 
uniform plane incident wave, the scattering matrix is a 
linear relation between the incident field and the scattered 
far field from the target. 

With p and q defind by equations 2.2 and 2.3 the 
scattering matrix S is a 2*2 matrix as shown below in equa- 
Eon 2.5 


јо 10 
НН НУ 
У бин: ۷ бну 1 (eqn 2.5) 


10 10 
ҮН уу 
б бун І У бүрі 


where: 


magnitude of the scattering matrix element. 


phase of the scattering matrix element. 


denotes horizontal polarization. 


д шоо 9 
п 


= denotes vertical polarization. 


The Scattering matrix is symmetrical 
Ус. پچ کے‎ ٢ = . . 
( бнў ун HV Рун) in at list two cases 
1. Bistatic scattering when the body is a perfect 


conductor. 
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2. Back-scattering from an arbitrary body. 
The transmitting and receiving antennas used in our 
case are linearly horizontally polarized. 
The expressions for the transmitting and receiving 


antennas under this condition are: 


1 
а-а (eqn 2.6) 
до 
p= 780 (eqn 2.7) 
since ф = 0. 


The radar cross-section is: 


HH (eqn 2.8) 


3. Methods of Obtaining the Scattering Matrix 


Ideally one would compute the radar cross-section of 
a target through the formal solution of Maxwells equations. 
Those equations should be solved for the boundary conditions 
appropriate to the target. 

The major mathematical method for obtaining an exact 
solution is the separation of variables. 

Formal solutions via separation of variables are 
possible only for a few special cases. In those cases the 


wave equation is separable in a coordinate system, having a 
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coordinate surface that coincides with the surface of the 
body [Ref. 3]. This situation explains why exact solutions 
are rare, and for many practical problems, the use of 
approximations is the only practical approach. 

The integral equation formulation shows that elec- 
tromagnetic scattering of an incident plane wave by an arbi- 
trary body can be described in terms of an integral of 
various vector products. Those vector products involve the 
surface electric and magnetic fields. One form which is 
convenient for this purpose is the Chu-Stratton integral. 
[Ref. 4]. This integral is an exact representation of the 
scattered electromagnetic field. It is given in terms of an 
integration over a complete surface enclosing the body in 
question. In particular, if there were available knowledge 
of the total distribution of electric and magnetic fields 
about the body, insertion of these values in the Chu-Straton 
integral would permit the immediate solution of the scat- 
tering problem. 

Numerical schemes have been designed to solve the 
integral equations approximately. High speed digital 
computers are needed to establish surface currents flowing 
on the target.For example surface current distribution can 
be computed by a finite difference solution to a network of 
simultaneous equations [Ref. 5]. 

Because of limitation of computation time апа 
storage capability,the finite difference solution is appli- 
cable only when the dimensions of the target do not exceed a 
very few wavelengths. 

For targets larger than a few wavelengths in dimen- 
sion, asymptotic methods are frequently used. There are 
three levels of complexity: 

The simplest approach is the geometric optics 
approach. It treats ray bundles by the laws of reflection 


and refraction [Ref. 6]. However, geometric-optics failes 
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to distinguish the effects of polarization and the wave 
nature of the problem. 

The second approach is the physical optics. In this 
approach the local current density, at each point on the 
illuminated portion of the body, is assumed to be identical 


to that which would flow at that point on an infinite 


tangent plane [Ref. 7]. Physical optics is not valid for 
applications entailing accurate specification effects 
[Ref. 8]. 


The third approach is the geometric diffraction 
theory. This approach is an extension of geometric optic 
that accounts for diffraction [Ref. 9]. The technique 
combines the simplicity inherent in the ray approach with 
the necessary consideration of wavelengths and phases of the 


wave. But it never include resonances of the target. 


B. SCATTERING BY A FINITE TUBULAR CYLINDER 


When a cylinder is irradiated with an incident electro- 
magnetic wave, surface current is exited on the cylinder. 
This surface current will radiate and generate the scattered 
field. 

Electromagnetic scattering from conducting objects in a 
homogeneous, isotropic medium can be treated as a boundary 
value problem. By use of the Stratton-Chu equations, integ- 
rodifferential equations can be set up for the current 
distribution on the surfaces of the objects, with the Greens 
function in the medium as the kernel. 

The current distribution on the surface of a tubular 
cylindrical conductor with negligible wall thickness, 
excited by an incident electromagnetic field , can be 
written as a pair of coupled integrodifferential equations 
with the sum of the inside and outside surface currents as 


the unknown and the incident tangential electric field on 
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the surface of the conductor as the given quantity. Such a 
coupled integrodifferential equations were given by Lee 
[Ref. 16]. 
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۳ ۵ 
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к да Kon Zo 509, 4 04] 272,1] 15) (eqn 2.10) 
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1,1, 85-41 zn he JL о 2 1,158, on 
equations 2.9 апа 2.10 сап be obtained from the 


Stratton-Chu equations,together with the edge conditions 
that: 


ЕИ гааг. 21 (eqn 2.11) 


In the previous equations: 
sc-denotes-scattered. 


i -denotes-incident. 
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апа 


e G= з тү. (еап”2.128 
п -іп(ф-ф ) 
4ф O ; 
7 2 8 ٦ 220 70 
. 2 2 1/2 2 2 1222 
G(x, »x,)=fexplilx)tx,) 1) (ху * x5) (eqn 2.13) 


The following  equations,2.14 and 2.15 are boundary 
conditions for the tangential electric field components on a 


perfectly conducting surface. 


ВЕ (30 1 ES = 0 -1«z«1 (eqn 2.14) 
ос END E 2 | (edn 2. ma 


The cylinder is assumed to be in a medium with homoge- 
neous isotropic permittivity © and permeability H .The half 
length of the cylinder تل‎ and the radius 15 are measured 
іп l/k,with k=w(ey ) being the wave number,so that 1, =kh and 
Тука. 

The coordinate system is scaled so that the tubular 
cylinder occupies the region -1l<z<l,o=l as shown in Figure 
23 

On the surface,p=l,there are scattered electric field 
E Yp ,Z), the incident electric field E: (9,Z) and for 


-1<Z<l,the surface current К ($,Z),which is the sum of the 
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Figure 2.3 The Tubular Cylinder 


Ер 
outer surface current K (?,Z) оп р=1 and the inner surface 


current K (¢,Z) onp=l. 


The surface currents can be represented as: 


(eqn 2.16) 
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where 


СО Kz). 
20 20 
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(+) E 
m (2) = Коба) га شار رکا‎ 


K (22:20 


NA 
м 
О ~ 


(едп 2.17) 
م‎ е) rr 
Ks (0,2) ши Ko (2) Ёл: 21551127: ДЕ 
where 

Ga) T 
bee = шоо 

(+) _ 
о = Ky „n Z tKa, (ze 


(-) e 
7ی‎ - 0. 


ES) is the axial current  density,and د‎ 9.2) is the 
circumferential current density. 
In the far field where: 


a 2502. 
K|r| - (1597 + 1 د«‎ (еап 2.18) 
апа 
02 
К| тээ (12812) > i | (eqn 2.19) 
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: deen 
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(eqn 2.22) 


In spherical coordinates,the expressions are simpler. 


Because: 
Е,(,0,00-Е (р,%, 2 ( 5 1۳9 + ۳2 )0 و و‎ 2 (9 (eqn 2.23) 
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Eg (r9,4)=E (р,9,2)со50-Е (р,9,2)8109 


(eqn 2.24) 


equations 2.20,2.21 and 2.22 can be written in the following 








form: 
21 (eqn 2725) 
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where 


(eqn 2.28) 
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G(F-F |) = G(P)exp exp 1 
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(eqn 2.29) 
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on the edges of the cylinder 
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where KP 5 апа Em S the sum of the inside and outside 
2 
currents from equation 2.16 


eqn 2.33 
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The final equations for the general case аге: 


E, (0,8 ,0) - 0 (eqn 2.35) 
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Since E (r9 $ )=O in the far field 


(eqn 2.38) 


E (r,9,0)=E (r,9,b)cos9cos% - Eg (7,8 ,0)sinó 


(eqn 2.39) 
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In the special casSe,with the cylinder positioned head-on 
to the antennas,the incident 


and scattered 
described as follows: 


fields can be 


6 < ۲ (along the Z axis) 


The scattered fields are: 


(eqn 2.41) 
Е т, = £ و‎ і РМ рысу KET Poosotak(*Psing ] 
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(еап 2.45) 


E, tz) - 7 


The configuration of the cylinder and the incident field 


is shown in Figure 2.4 





Figure 2.4 The Cylinder and the Incident Field 


With the axis of the cylinder chosen along the z-direction 
and the incident field along the z axis,the incident field 


1S given as: 


тіле - 2 11к2 ہت‎ (еап 2.46) 
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kz 


Е = ج+‎ (eqn 2.47) 


ine. к 5 
Весацзе Е is an odd function in ф 


ф 


с 


Ша 


z) = Ü 


From equations 2.43- 2.45 Еу(2)=0,апа Е (2)-хЕ, (2) along 
the -Z axis. 

Cross-section and phase of a scatterer are defined with 
a linearly polarized plane incident wave on the scat- 
terer.The incident wave has unit strength and zero phase at 
the center of the scatterer. 


The cross-section is given by: 








2 
и БЭЭ (eqn 2.48) 
рэс 
and the phase shift is given by: 
Sms are E е (ваш 2-40) 
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since: 





ШЕ сїт) = 
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the cross-section of the finite cylinder is: 
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III. MEASUREMENTS AND RESULTS 


Radar cross-section estimation is as much art as 
science. The air of mystery that surrounds it will only be 
removed by an increase in understanding of how a target 
scatters energy incident upon it. 

A complete knowledge of the scattering behavior is 
available only for few bodies. For these bodies we do not 
have exact solutions for their radar cross section, the best 
we can dois to provide approximate values. Such values 
should be checked against experimental measurements. 

This chapter describes some CW step frequency cross- 
section measurements carried out at the Naval Postgraduate 
School, including the experimental setup, the measurement 
procedure and the measurements results. 

Computer programs for calibration of the experimental 
Setup and target measurements process are given in Appendix 
A. An explanation to the programs can be found in previous 
thesis from the Naval Postgraduate School [Ref. 15]. 


А. LABORATORY DESCRIPTION 


1. System Configuration 


The physical setup of the laboratory can be divided 
into five parts: 
-The RF source. 
-Transmitting and receiving antennas. 
-The anechoic chamber. 
-Target mount,targets. 
-Control and data processing equipment. 
This setup is called a Radar range geometry and is 
designed for cross section measurements of models. The 


configuration of the entire system is shown in Figure 3.1 
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А variety of radar range geometries have been devel- 
oped during the years. Those radar range geometries were 
characterized by the way they have been designed to elimi- 
nate unwanted signals reflected from the foreground and 
background [Ref. 10]. An important component of the setup 
ас the NavalPostgraduate School 15 the AO chamber 
[Ref. 11]. The anechoic chamber is used to approximate free 
Space conditions in a closed environment. The anechoic 
chamber is enclosed with aluminium plates and internally 
lined with a radio frequency absorbing material. The 
absorbing material provides the necessary attenuation to the 
reflections from the walls, floor and ceiling, and the 
aluminium surface provides protection against external 
sources of noise such as atmospheric noise, man made noise 
(radio,television,radar etc) and weather conditions. The 
characteristics of the absorber material are specified in 
Appendix B. 

The target is supported by a styrofoam stand. The 
reason for choosing the material, is to minimize coupling 
between the stand and the target.  [Ref. 12]. 

The radar cross section range utilizes two identical 
horn antennas to approximate a back scattering system. Both 
antennas are horizontally polarized. The antennas are 
mounted on a removable panel located in the front wall of 
the anechoic chamber. The antennas can be adjusted in all 
three axis, providing beam steering towards the target. The 
basic antennas characteristics are given in Table I, and the 


configuration of the anechoic chamber is shown in Figure 3.2 
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TABLE I 
ANTENNAS SPECIFICATION 


Frequency range &-18 GHz 
Gain 6-12dB 
VSWR (max) 3 1 


Isolation between cross polarization <20dB below 5.5 GHz 
>20dB above 5.5 GHz 


2. Instrumentation 


The equipment of the experimental setup is listed in 
Table II 

The RF signal to the system is provided by the 
signal generator (HP-8672A). The RF output from the signal 
generator is amplified by an RF amplifier 
(Avantek-SA-83-2953). (The DC-power supply,HP-6227B,to the 
amplifier is monitored by a digital multimeter,HP-3466A). 

The amplified RF signal passes the directional 
coupler (Narda-5292) and goes to the transmitting antenna. 
The directional coupler has a coupling coefficient of -13 dB 
and provides the reference signal to the harmonic frequency 
converter (HP-8411A) after the signal is further attenuated 
by 30 dB. The scattered signal from the target goes through 
the receiving antenna to the first port of the harmonic 
frequency converter. The frequency converter and the network 
analyzer (HP-8410C) convert the test channel signal into two 
278 KHz signals containing the magnitude and phase informa- 
tion of the test channel signal relative to the refence 


channel signal. Both signals enter the phase-magnitude 
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TABLE II 
LIST OF EXPERIMENTAL DEVICES 


-Microcomputer 1-5 
-Synthesized Signal Generator НР-8672А 
-Harmonic Frequency converter HP-8411A 
-Network Analizer HP-8410C 
-Phase-Magnitude Display HP-8412B 
-RF Amplifier Avantek sa-83-2953 
-DC Power supply НР-6277В 
-Digital Multimeter НР-3466А 
-Digital voltmeter HP-3455A 
-Digital voltmeter HP-3456A 
-Flexible Disc Drive HP-8290 1M 
-Plotter НР-7225В 
-Directional Coupler Narda 5292 


display (HP-8412B) The DC plotter outputs of the display 
unit are fed to the two DVM's (HP-3455A,HP-3456a). 

The complete setup is controlled and the data is 
processed by the microcomputer (HP-85) and the results are 
stored on discs. 


3. Targets 


The most direct means of obtaining knowledges about 
radar cross sections are by measurement of the radar return 
from the target itself or from an accurate model of the 
target [Ref. 13]. One advantage of a radar range is the 
practicability of testing models that are smaller and 
cheaper than full scale targets. The radar wavelength is 
scaled by the same factor as are the dimensions of the 
model. If D is any given dimension of the target, and D is 
the equivalent dimension of the model, the following scaling 


relation is employed: 
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= eqn 3.1 
D a (eq ) 
where Хм is the wavelength used for the measurement and ۸۵ 
is the wavelength for which the target radar cross-section 
is required. 

At the same time, the measured cross section is 


altered in proportion to the change in power captured as a 


result of dimensional changes. If см is the observed cross 
section of the model, the target cross section Os і5 given 
by: 
С 
og = ںوت ہچ‎ (eqn 3.2) 
Ху 


Exact scaling requires the model conductivity to be equal to 
the target conductivity multiplied by the ratio Qo Ay)» and 
model permitivity and permeability at the test frequency to 
equal corresponding target electrical properties at the 
operational frequency. It is necessary to make sure that the 
surface conductance of the model won't be smaller than the 
target. 

The targets which are tested in the measurements are 
thin walled tubular cylinders made of brass. There are 20 
cylinders of various lengths and diameters. The dimensions 
of the targets are given in Table III 

For the calibration of the system a 3.187 inch 
aluminium sphere is used. 

Some measurements are taken with a cylinder with 
fins attached .The description of the cylinder with fins is 


shown in Figure 3.3 
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TABLE ITT 
TARGET-CHARACTERISTICS 


TARGET LENGTH DIAMETER THICKNESS 
cylinder 1 210007 Ш 975! On O12” 
cylinder 2 POS 175002 0.014" 
cylinder 3 27007 0.7507 0 09711 
cylinder 4 25257 053752 0 012 
cylinder 5 20252 0 500 0.014" 
cylinder 6 2 ۹ه‎ 0.750" 070117 
cylinder 7 2 7 2757 07:22:27 
cylinder 8 2 2ھ‎ 0.500" 0.014" 
cylinder 9 2150: 0.750" 0 011 
cylinder 10 24125" 022757 0 0172 
cylinder 11 2575" ۱ 0.014" 
cylinder 12 2275” Dos) 0), 
cylinder 13 3700" 0.375" (220125 
cylinder 14 3:005. 0.500" 0.014" 
cylinder 15 9 0 50 0.011" 
cylinder 16 1 50: 0 2 5 0 (12 
cylinder 17 4.50" 0-750: 0 011 
cylinder 18 2:320 0 025 0.014" 
cylinder 19 атэ y 0 011 
cylinder with fins SO 0 5 0 011 
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В. MEASUREMENT PROCEDURE 
1. Calibration of the System 


As a first step in the measurement, a calibration of 
the system must be done. 

To calibrate the system output, а target of known 
cross section (usually a metal sphere) is placed at at the 
target support to fix the level of the calibration curve. 
This measurement assures that the entire system is  cali- 
brated in the proper frequency range. : 

Measurements are taken at many fixed frequencies 
between 10to 15 GHz. Since both the transmitting and 
receiving antennas are horizontally polarized, the measure- 
ments are in one dimensional plane. 

The calibration of the system is divided into two 
steps: 

1.Take measurements without target in the anechoic 
chamber. (background data). 

2.Inserte a 3.187 inch diameter aluminium sphere 
and repeat the measurements. 

With the target in place, the received signal is a 
vectorial sum of the target echo and the background radia- 
tion. By taking background data, direct back scattering 
from the targets support andthe walls of the anechoic 
chamber can be substracted from the vector sum. 

The quality of the calibration of the system is 
tested and checked by comparing a new set of measured data 
on the sphere to thier theoretical values whenever a cali- 
bration process is done. 

After the calibration of the system is accomplished, 


measurements of target cross sections can be started. 
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2. Measurements of the Targets 


The measurements of the cylinders are taken in the 
frequency range of 10 to 15 GHz in steps of 0.1 GHz. Тһе 
decision to limit the frequency range inspite of the ability 
of the equipment to operate beyond this range is due to the 
following reason: 

Only in this frequency range consistent data can be 
obtained through averaging the data obtained from several 
frequency scans. 

All the measurements are taken while the cylinders 
are positioned "Head-on" to the antennas as seen in Figure 
3.4 A description of the cylinders tested is given in Table 
III, and reasons for choosing those particular dimensions 
for the cylinders are given in Chapter 

As a rule of thumb,far field approximations are good 


under the following conditions: 


го» 10А (eqn 3.3) 

r > 109 (eqn 3.4) 
2 

a a (eqn 3.5) 
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where r is the distance between the target and the antennas 
(receiving and transmitting), D is the largest dimension of 
either the target or the antennas and their separations, and 
X is the wavelength. In our case, all conditions are met. 

Before each target measurement, calibration of the 
system is done. 

The experimental results for the targets in term of 
plots of their cross section and phases versus frequency are 


given at the end of the chapter. 
3. Sources of Measurement Errors 


Recognition of error sources in the measured data is 
difficult: Only in few special cases, it is possible to 
recognize the presence of an error, and to determine its 
source by observing the deviation of a target cross section 
versus frequency plot from anticipated behavior. 

The errors in the measurement in our case are due to 
system noise and background noise. 

The system noise, is caused mainly by the receiver. 
The network analyzer (HP-8410C) is a harmonic mixing 
receiver. It selects a harmonic of its internal VCO for the 
local oscillator frequency used to down convert the test 
frequency to the first IF. Harmonic skip errors can occur 
when the receiver selects a different harmonic (and VCO 
frequency) for the same frequency between system calibration 
and target measurement. The local oscillator power varies 
from one harmonic to another, thus the mixer transfer- 
characteristic varies. This fact causes random magnitude and 
phase variations of from 0.1 to 0.4 dB and up to 2 degrees. 

Ав for the background noise, it is caused by 
coupling between the target and its mechanical support, and 
by strong coupling between the antennas in low frequencies. 

In our case, the coupling between the antennas is 


reduced by going to higher range of frequencies. The 
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coupling between the target and its mechanical support is 
unavoidable and finally the receiver noise is reduced by 


averaging the measured results. 
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TABLE X 
CYLINDER 7 : MEASUREMENT DATA 
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CYLINDER 9 : MEASUREMENT DATA 
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TABLE XIV 
CYLINDER 11 : MEASUREMENT DATA 
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IV. SUMMARY AND CONCLUSIONS 


A. ANALYSIS OF MEASURED DATA 


The back scattering cross section of a tubular cylinder 
depends upon several parameters. To simplify the problem, 
many of them were kept constant: The polarization of the 
receiving and transmitting antennas were kept constant 
during all measurements, all the cylinders were from the 
Same material and the aspect angle and tilt of the different 
cylinders relative to the antennas plane were unchanged. 

The parameters that were changed and their effects on 
the cross section were the subjects of this study were: 

1. The cylinder length. (2h) 

2. The cylinder diameter. (2a) 

3. The transmitting frequency. 

The cross section of a tubular cylinder can be written 


as a function of three parameters as shown in equsion 4.1 


ў 8 د د اا‎ = Роба ок) (eqn 4.1) 


where: 


АТА = опе/е 


є в 3 5 MU > 
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From the theory described іп Chapter the following 


relations can be obtained: 


(eqn 4.2) 
б 1, h 
у З F (1.1) = P OT E CA هه‎ 
1a? 3.002 با‎ 1 li S a 
where: 
14 = ka 
1, = kh 


The measurements taken can be devided into two steps. 
In the first step, 19 cylinders with different lengths and 
diameters were placed in the anechoic chamber, and plots of 
cross section and phase versus frequency were obtained on 
each of the cylinders.(figures 3.5 through 3.42) Except for 
gathering data and viewing the resonance frequencies, there 
is nothing much to say on the results because too many 
parameters were changed and the resulting analysis became 
too difficult and complicated. 

The second step of measurements was based on the conclu- 
sion from the theory (equation 4.2). 

Only eight scaled cylinders were put into the anechoic 
chamber, four of the cylinders had a constant ratio of 
length to diameter equals 4,(h/a=4), and four cylinders had 
a constant ratio of length to diameter equals 6,(h/a=6). 

An overall plot with expanded frequency range was 
achieved by using those scaled cylinders. 

The overall plots can be compared to the theoretical 


plots obtained by Prof.H.M.Lee at the Naval Postgraduate 
School. 
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Both the theoretical and experimental plots of cross 
section/area and phase versus’ ka are shown in Figures 4.1 
through 4.8 and the overlapping ranges of the scaled cylin- 
ders in ka can be noticed from Tables XXIII through XXX 
The theoretical and experimental curves сап Бе seen on the 
same graph for the two sets of scaled cylinders in Figures 
4.9 and 4.10 

Comparison of the experimental results to the theoret- 
ical plots show agreement away from the cutoff frequencies 
of the Ні; circular waveguide mode at ka-1.8415. 

In the theoretical calculations an infinitesimal wall 
thickness is assumed for the tubular cylinder, but practi- 
cally the cylinders used in the measurements had some thick- 
Mess (Table ІІІ). The outer diameter of the cylinder is 
used for 2a in the computations while the Ні; mode cutoff 
frequency depends on the inner diameter of the cylinder. 
This fact caused the deviation in the cross’ section plots 
between the theoretical curve and the experimental curve 
near the cutoff frequency. 

Problems occur in the phase plot because the averaging 
procedure did not properly take care of the phase shifts 
with values near + 180 degrees. Because of the complicated 
behavior of the phase shift near the Н у cutoff at ka=1.8415 
and near ka=2.4046, no conclusion can be made related to the 


actual behavior of the phase shift curve. 
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В. CONCLUSIONS AND RECOMENDATIONS 


The results showed agreement between the theory and the 
experimental data obtained. Some deviations between the 
theoretical and experimental plots could be explained. 

The problem caused by averaging as observed in the phase 
plot can be overcomed by refining the program in the 
following way: If the two values to be averaged deviate 
more than a pre-determined value, say, 200 degrees, both 
will be converted to a positive value before the average is 
taken. The averaged value is then adjusted so that it lies 
between -180 and +180 degrees. A new set of measurements 
with targets having length to inner diameter ratios of 4 and 
6 is planned. This refinment of averaging procedure will be 
adopted. 

For the next step in the comparative study of target 
back scattering characteristics based on the canonical model 
of the tubular cylinder of finite length, more complicated 
models varying from a tubular cylinder to a missile by 
adding fins and wings will be constructed and studied. 
Figures 4.11 and 4.12 show the experimental patterns of a 
finite tubular cylinder with four fins in two aspect 
angles,the first,with the fins parallel to the antennas, and 
the second twisted in 45 degrees. Both Figures can be 
compared to Figure 3.19 showing the same cylinder without 
the fins. 

This work is the first step to gain the capability of 
radar target identification. Its contribution lies in the 
justification that the canonical model is a useful one: the 
theory is correct so that the theoretical results can 
provide information about surface current distribution on 
the cylinder. 

Another application of this work could be in the study 


of the back scattering characteristics of aircraft engines. 
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Since the signals are modulated, target detection will be 
easier. And because of the smaller size of the air-intake, 
the results will be directly appliable to radars now in 


existance. 
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